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1Biology Department, Johns Hopkins University, Baltimore, MarylandABSTRACT Baltimore has been the home of numerous biophysical studies using light to probe cells. One such study, quan-
titative measurement of lateral diffusion of rhodopsin, set the standard for experiments in which recovery after photobleaching is
used to measure lateral diffusion. Development of this method from specialized microscopes to commercial scanning confocal
microscopes has led to widespread use of the technique to measure lateral diffusion of membrane proteins and lipids, and as
well diffusion and binding interactions in cell organelles and cytoplasm. Perturbation of equilibrium distributions by photobleach-
ing has also been developed into a robust method to image molecular proximity in terms of fluorescence resonance energy
transfer between donor and acceptor fluorophores.In this year, proclaimed a ‘‘Year of Light’’ by the United
Nations, the Biophysical Society is meeting in Baltimore,
whose local newspaper, the Sun, has the motto ‘‘Light for
All’’. Fifty-five years ago, another meeting was held in
Baltimore, ‘‘Light and Life’’. This symposium at Johns
Hopkins University, which was introduced by Niels Bohr
and attended by James Franck and Max Delbruck among
many others, covered the physics of light interacting with
biological molecules and the chemistry of light generated
in biological systems (1).
The Symposium grew out of the work and interests of W.
D. McElroy, Baltimore’s ‘‘firefly man’’, who with his col-
leagues, notably Howard Seliger, worked out the chemical
basis of firefly luminescence. However, the range of topics
was much broader than this. Papers on excited states, light
emission by chemical reactions and biological responses
to light described topics that were the foundation of work
on molecular and cellular biophysics. The symposium was
the prelude to the fluorescence studies of protein structure
and dynamics by Ludwig Brand (Beechem and Brand (2))
at Johns Hopkins and Joseph Lakowicz (3) at the University
of Maryland. Also, in the decade after the meeting, labora-
tories in Baltimore were among the first to develop effective
fluorescence microscopy, and methods for measuring lateral
diffusion of membrane proteins and lipids.
‘‘Light and Life’’ neglected a small but developing field
of fluorescent-labeled antibodies and fluorescence micro-
scopy. Albert Coons (4) at Harvard built on earlier work
conjugating dyes to antibodies to pioneer fluorescent label-
ing of antibodies and used these with early fluorescence mi-
croscopes to determine the tissue distribution of antigens.
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0006-3495/15/02/0466/5 $2.00dyes to imaging contrast from fluorescence gave a great
improvement in sensitivity of detecting of pathogens in tis-
sues. As we will see, this difference in sensitivity was reca-
pitulated in early experiments measuring lateral diffusion of
membrane proteins.
Although fluorescence microscopy greatly improved the
sensitivity of detection of small numbers of molecules,
fluorescence microscopes of the 1940s to the 1960s used
dark-field condensers that gave high backgrounds and
limited the numerical aperture of objectives to n.a. < n.a.
of the condenser (typically n.a. < 1.0). These and other
problems led J. S. Ploem to develop an epi-illuminator in
which both the exciting light and the emitted fluorescence
passed through the objective. Ploem’s illuminator was based
on metallurgical microscopes, which used a plain glass
beam splitter to illuminate, and to collect reflected light
from, solid samples. Ploem developed this geometry further
by substituting a wavelength-selective dichroic mirror for
the beam splitter (Fig. 1). When the Ploem vertical illumi-
nator was commercialized in the 1970s it revolutionized
fluorescence microcopy.
Ploem published his illuminator in 1967 (5) and within a
year John Cebra in the Johns Hopkins Biology Department
built what I believe was the first Ploem illuminator in the
United States. My student Larry Frye used this microscope
and the antibody-labeling method developed by Albert
Coons, to demonstrate lateral mobility of proteins in the
cell plasma membrane (Frye and Edidin (6)).
Frye’s experiment was the first in a series of probes of
lateral mobility in cell plasma that all used the same general
approach—brief perturbation of an equilibrium distribution
and measurement of its return to equilibrium (Fig. 2).
The perturbation time in the experiment was three mi-
nutes; virus-mediated cell fusion was quenched after this.
Relaxation to homogeneous labeling of an area of thousands
of square micrometers took ~40 min and involved ~105 mol-
ecules each of mouse and human cell marker proteins.http://dx.doi.org/10.1016/j.bpj.2014.12.012
FIGURE 2 (A and B) Redistribution of mouse and human cell surface
marker proteins with time after fusion of parent cells to form heterokaryons.
The initial distribution of surface markers, approximately uniform, was per-
turbed by adding a bolus of Sendai virus to mixture of mouse (L) and human
(VA-2) cultured cells. Sendai virus fusion protein is active at neutral pH and
so fuses cell plasma membranes. After 3 min the mixture was chilled and
fetal calf serum added, which blocks fusion. Cells were returned to 37C
and sampled at intervals. Label was added after sampling, so redistribution
of marker antigens was not impeded by bound antibody. (C) Initial condi-
tion after a 3-min fusion step. The majority of the fused cells have separate
areas of human (red) and mouse (green) membrane markers. (D and E) An
intermediate step of intermixing; mouse membrane markers are limited to
one region of membrane, (D) while human membrane markers have spread
over most of the cell surface. (F) Completed redistribution of mouse marker
antigens. The human membrane markers had the same distribution (not
shown). Reproduced from Frye and Edidin (6), by permission of the Com-
pany of Biologists.
FIGURE 1 Epi-illumination after Ploem (5). Light from a mercury or
xenon arc lamp is filtered by the excitation filter to yield a blue excitation
beam. The beam is reflected by a dichroic mirror, and focused by the objec-
tive (not shown) onto a specimen (gray blue). The specimen emits green
fluorescence, which is transmitted by the dichroic mirror and through a bar-
rier filter to the detector (not shown). Scattered light from the excitation
beam (dashed blue lines) is blocked by both the dichroic mirror and the bar-
rier filter. After Fig. 2 of Ploem (5).
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teins after virus-induced cell fusion was a diffusional pro-
cess, quantitation of the diffusion coefficient was difficult,
although a solution was offered by Huang (7).
The first quantitative measurement of lateral diffusion of
membrane proteins was made by Richard Cone and his stu-
dent Mu-ming Poo, in the early 1970s (8). Their work is the
grandfather of all photobleaching and recovery experiments.
Leveraging spectral changes in visual rhodopsin after
bleaching, Poo and Cone showed diffusional recovery of
absorbance after bleaching an area of disks in amphibian
rod outer segments. Their calculated value for lateral diffu-
sion, ~4  109 cm2 s1, remains the canonical value for
unimpeded lateral diffusion of membrane proteins. This
work, together with an earlier measurement of rotational
diffusion of rhodopsin (9), also gave a reasonable figure
for the viscosity of the plasma membrane lipid bilayer, ~1
poise. The instrument used for the measurement was a
specialized though commercial microspectrophotometer
(Shimadzu, Kyoto, Japan) and the biggest change measured
was <0.05 absorbance unit (Fig. 3). As can be seen from
Fig. 3, the perturbation time was ~10 s, ~20-times shorter
than in the Frye and Edidin experiment; relaxation to homo-
geneity took ~60 s, over a membrane area (per disk) of tens
of square micrometers, and involving 104–105 rhodopsin
molecules. However, because there are hundreds of disks
per rod outer segment, the experiment characterized the
average diffusion of 106–107 rhodopsin molecules (see Palc-
zewski (10) for quantitation of numbers of disks per rod
outer segment and numbers of rhodopsins per disk).
The low sensitivity of absorbance measurements limited
the Poo and Cone experiment to membranes with high con-centrations of proteins with chromophores whose absor-
bance changed after bleaching. However, the quantitative
results of Poo and Cone (8) and the qualitative result of
Frye and Edidin (6) influenced others to quantitate lateral
diffusion by combining the photobleaching/recovery tech-
nique of Poo and Cone (8) with fluorescent labels that
allowed photobleaching and recovery techniques applica-
tion to membrane proteins at low concentrations and to
any cell membrane. In a pioneering effort in the develop-
ment of fluorescence recovery and photobleaching experi-
ments, Reiner Peters and his colleagues (Peters et al.
(11)) probed for lateral diffusion of erythrocyte membrane
proteins labeled by covalent conjugation with fluorescein
isothiocyanate. Their photobleaching and recovery experi-
ment was modeled on the design of Poo and Cone (8);
as well as following return of fluorescence to a bleached
region, they measured loss of fluorescence from an un-
bleached region. Although no measurable fluorescence re-
covery was detected (D < 3  1012 cm2 s1), the
experiment was significant in showing how to generalizeBiophysical Journal 108(3) 466–470
FIGURE 3 The photobleaching and recovery experiment of Poo and
Cone (8). The diagrams of two rods on the left depict the distribution of un-
bleached rhodopsin corresponding in time with the prebleach and immedi-
ate postbleach absorbance measurements shown below. The rod on the right
is a control, which was fully bleached and showed no recovery of un-
bleached rhodopsin. (Arrows) Location on the rod at which each absorbance
measurement was made. Recordings made from two different rods are
shown to give an indication of the repeatability of the experiments. Repro-
duced from Poo and Cone (8) with permission of Nature Publishing Group.
FIGURE 4 Fluorescence photobleaching and recovery. A laser beam is
focused to a small spot on the membrane (left). The Gaussian intensity pro-
file of the laser beam produces a Gaussian concentration gradient of un-
bleached fluorophore (top right). The solution to the diffusion equations
requires that the bleaching energy is never sufficient to approach a step dis-
tribution of unbleached fluorophore (lowest curve, top right). The diagram
on the lower right schematizes fluorescence recovery after photobleaching
in dimensionless time units. The initial intensity excited by the attenuated
laser beam is indicated by B. The asymptote of intensity after recovery is
shown by A. The half-time to reach the asymptote and the 1/e2 width of
the laser spot, u, yield a diffusion coefficient as t1/2 ¼ u2/4D. Reproduced
from Edidin (20).
468 Edidinphotobleaching and recovery measurements of lateral
mobility.
A full flowering of fluorescence photobleaching and re-
covery measurements (usually termed fluorescence recov-
ery after photobleaching, or FRAP) came in 1976. Three
laboratories, my own (12,13), that of Ken Jacobson (Jacob-
son et al. (14)), and most prominently that of Watt Webb
(Schlessinger et al. (15,16) and Axelrod et al (17)) used a
focused laser to bleach and probe diffusion of lipid and
protein fluorescent probes. The perturbation times of these
laser-based systems are milliseconds and the area probed
is a few square micrometers. Depending on the protein
and the spot size, the experiment measures the lateral diffu-
sion of as few as 500 labeled molecules.
The series solution to the diffusion equation for bleaching
with a Gaussian laser beam converges slowly (15). In
practice, recovery curves have been fit by approximation,
notably nonlinear least-squares approximations (18,19). A
schematic photobleaching and recovery experiment is
shown in Fig. 4 (see also Edidin (20)).
The Webb laboratory turned to photobleaching recovery
methods as an extension of their work using fluorescence
correlation spectroscopy (FCS) to measure diffusion in
two and three dimensions. The value D of a fluorescent lipid
analog measured this way was approximately that expected
for free diffusion in a lipid bilayer. However, as noted by one
of the founders of the method (21),
Immediately after the first successful demonstration of FCS
with the EB-DNA system, the experiment was performed onBiophysical Journal 108(3) 466–470a confocal microscope for the study of the mobility of mol-
ecules on cell surfaces. At that stage of its development,
however, FCS was no longer suitable. To obtain a statisti-
cally adequate fluctuation record required excessively long
times for measurements on labile systems like live cells. It
became clear that fluorescence photobleaching, which had
previously been introduced by Peters et al. and Edidin
et al., would be more useful.
In contrast to the FCS result for lipid analogs, fluores-
cence photobleaching and recovery reported diffusion of
proteins that was orders of magnitude lower than that
measured by Poo and Cone. This was the case whether the
proteins were labeled with reactive fluorescein (11,12,16)
or with concanavalin A, a multivalent lectin (13–15).
Also, while diffusion recovery of rhodopsin was complete
(8), a typical FRAP experiment on labeled proteins showed
that a significant fraction of label was immobile in the time
of the experiment, defining a second FRAP parameter, the
mobile fraction. As noted in Schlessinger et al. (15),
This large difference and the presence of apparently immo-
bile concanavalin A receptors suggests that factors beyond
the fluidity of the phospholipid bilayer membrane matrix
control the rate of lateral transport of the complexes.
In the next decade photobleaching recovery experiments
took two different directions. One was its application to
diffusion of molecules in liposomes and supported bilayers.
Such measurements gave useful information on absolute
diffusion coefficients for lipids and proteins in membrane
FIGURE 5 Practice and analysis of FRET measurements by acceptor
photobleaching. (Top left) Donor fluorophores (blue) in FRETare quenched
if they are in proximity (<100 A˚) to acceptors (yellow). Bleaching the ac-
ceptors (top right) dequenches donor fluorescence. FRET efficiency is
calculated in terms of the change in donor intensity. The dependence of
FRET on acceptor concentration reports the extent of molecular clustering
(lower panels). Based on Kenworthy and Edidin (38).
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cells interacting with bilayers containing proteins of inter-
est, showed up requirements for receptor mobility in cell/
cell interactions (22). In contrast to measurements of abso-
lute D in model membranes, what I would term biological
FRAP measurements of lateral diffusion on cell plasma
membranes were best done by comparison of D for different
cell states, emphasizing relative, not absolute, changes in
diffusion coefficients. FRAP investigation of cells also
moved from emphasis on diffusion coefficients to emphasis
on obstacles and hindrances to lateral diffusion. The immo-
bile fraction, rather than the diffusion coefficient, became
the parameter of greatest interest. This was aided by
the development of Fab fragments of immunoglobulins as
monovalent labeling reagents that could be applied to
many cell types (the first use of such reagents that I know
of was by Woda et al. (23)). Analysis of recovery curves
in the context of particular biological systems gave evidence
for molecular associations in the plane of the plasma mem-
brane, and barriers to diffusion within or beneath the plasma
membrane bilayer (24,25). However, the resolution of
FRAP was not sufficient to resolve these barriers and asso-
ciations. Single particle tracking, on a scale smaller than the
micrometer scale of FRAP, helped to define these barriers
(26). Models of membrane heterogeneity grew out of the
combination of these experiments (27).
With the development of genetic tagging of proteins by
jellyfish green fluorescent proteins and their progeny,
FRAP measurements were, at last, able to reach into organ-
elle lumens (28) and endomembranes (29–31). These gave
some surprising results for lateral diffusion, which echoed
the result of Poo and Cone (8). Although membrane protein
concentrations of the endoplasmic reticulum are high, their
diffusion coefficients approach those for proteins reconsti-
tuted in liposomes. This contrasts with the lower D value
often found for plasma membrane proteins.
FRAP technique was generalized for scanning confocal
microscopy (another child of J. S. Ploem’s vertical illumi-
nator), and so became widely available to a community,
cell biologists, who formerly had to rely on specialized mi-
croscopes in a limited number of laboratories. Although
simplifying approximations were required to solve the diffu-
sion equations, especially for the complex geometry of or-
ganelles such as endoplasmic reticulum (32), useful data
were be obtained on mobility and on organelle and plasma
membrane structure. Confocal FRAP also allowed reliable
imaging of bleached and unbleached regions, therefore ac-
counting for loss of fluorescence from unbleached regions
as well as recovery of fluorescence in bleached regions in
the manner of Poo and Cone (8). The wide availability of
FRAP in commercial instruments allowed its increasing
application to problems of protein/protein interactions in
three as well as in two dimensions (33,34). FRAP is also a
useful tool in pharmaceutical research, to characterize
drug and particle diffusion through biomaterials such asmucus and within drug delivery vehicles, for example hy-
drogel capsules (35). Active interest and use of FRAP is evi-
denced by the continued appearance of new applications for
the technique (36).
Just as FRAP microscopes grew out of hardware origi-
nally designed for other purposes (immunofluorescence, cy-
tometry, FCS), new techniques, notably a widely applicable
fluorescence resonance energy transfer (FRET), grew out of
the FRAP combination of a vertical illuminator and a laser
light source for bleaching (37). FRET is detected in terms of
donor dequenching after acceptor photobleaching. An early
use of the method is shown in Fig. 5 (38). As in FRAP ex-
periments, this FRET experiment averages results for a het-
erogeneous population of molecules that are quenched to
different extents. However, the method is robust and needs
no special equipment. There are even several IMAGEJ plu-
gins (National Institutes of Health, Bethesda, MD) for anal-
ysis. However, the method is gradually being supplanted by
fluorescence lifetime methods for FRET in cells (39).
FRAP matured to be one of many cell biophysical tech-
niques for the study of membrane dynamics and for high
spatial resolution of molecular associations. Its techniques
and results also helped to drive newer methods for probing
cell membranes and their molecules at increasing resolu-
tions. This year’s Nobel prizes in chemistry are for superre-
solution microscopies. We are beginning another cycle of
instrument development and application. We look forwardBiophysical Journal 108(3) 466–470
470 Edidinto dissemination of these techniques and another chapter in
the interplay of light and life.REFERENCES
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